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ABSTRACT 
A field study of the Blue Nile Bridge in Khartoum, Sudan was 
undertaken by Lehigh University in the spring of 1981 to obtain mea- 
surements of transient strains in the structure due to present train 
traffic.  The field data was then used in conjunction with data 
obtained from several theoretical models to estimate the accumulation 
of fatigue damage from operations to date, and to predict the useful 
fatigue life of critical components of the structure. 
The stringers were noted to be the most critically stressed com- 
ponents of the Blue Nile Bridge, and the aforementioned analysis indi- 
cated that the stringers experienced stress cycles that exceeded the 
crack growth threshold and fatigue limit for both Category C and Cate- 
gory D of the AREA Specifications.  Also, it was found that the effec- 
tive stress range for the ten million random variable stress cycles 
that the stringers have experienced to date exceeded the lower confi- 
dence limit for Category C.  Thus, it was concluded that detectable 
fatigue cracking has already occurred in one or more of the riveted 
stringer components and that the stringers of the Blue Nile Bridge 
should be retrofitted or replaced to prevent further fatigue damage. 
In addition to the fatigue analysis of the Blue Nile Bridge 
described previously, all available references on past tests of 
riveted connections were reviewed, and the test data was compiled 
using cyclical loading type as a parameter.  Each test was classi- 
fied according to loading type as either a zero-to-tension test, a 
full reversal test or a half tension-to-tension test. The purpose of 
this investigation was to evaluate the effect of loading type on the 
fatigue behavior of riveted connections.  It was concluded that 
Category C of the AREA Specification is a reasonable lower bound to 
fatigue resistance of riveted members and connections subjected to 
zero-to-tension or half tension-to-tension and with normal levels of 
rivet clamping force and bearing ratios of 2.25 or less.  For all 
other riveted members and connections not meeting the above require- 
ments, it was concluded that Category D is a reasonable lower bound 
to fatigue resistance, as per present AREA Specifications.  It was 
also concluded that the compression portion of a full or partial 
reversal load cycle does not adversely affect the fatigue life of a 
riveted member or connection, and thus, should not be included in the 
calculation of the effective stress range. 
-2- 
1.  INTRODUCTION 
1.1  Background and Objectives 
Railroad bridges are subjected to train loads (live loads) which 
cause stress variations (stress ranges) in various components.  These 
stress ranges, in conjunction with the maximum stresses (caused by 
both live and dead loads) can affect the strength and integrity of 
bridges, particularly bridges which have been in service for a number 
of years.  Therefore, when estimating the fatigue life or cumulative 
damage of an existing bridge, the stress range history due to live load 
and impact is of primary concern. 
Field studies of several Sudan Railroad riveted truss bridges 
were undertaken by Lehigh University in the spring of 1981 to obtain 
measurements of the transient strains in each of the structures due 
to present train traffic.  The field data was then used to estimate 
the accumulation of fatigue damage from operations to date, and to 
predict the useful life of critical components of the structures. 
This report summarizes the field data and provides an analysis 
of the Blue Nile Bridge in Khartoum, Sudan. 
The stress excursions at fourteen gage locations on various 
bridge components were monitored during the passage of typical train 
traffic for a two day period. A special work train, consisting of 
three diesel-electric locomotives, was also ordered for testing the 
stress response of the bridge.  A summary of the field measurements 
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and a description of the data reduction method used is presented in 
this, report. 
A stress analysis was then made using six different analytical 
models of the main 65.53 m truss span, including several models of the 
floor system.  The correlation between predicted stresses and measured 
stresses for all the gaged components, based on the work train test, 
is outlined later in this report. 
A literature searck-of past tests on riveted connections was made 
in order to compile data to assess the feasibility of using Category C 
of the AREA Code as a reasonable lower bound to fatigue life estima- 
tions for some, if not all, riveted connections.  This report includes 
a summary of the above data, and possible recommendations are alco 
presented. 
Finally, a fatigue damage assessment of the bridge was made 
based on assumed traffic to date, and an estimation was made of future 
traffic in order to predict if any fatigue failures would develop in 
the future.  The results are found in the latter part of this report. 
1.2 Description of Bridge 
The Blue Nile Bridge carries the Sudan Government Railway across 
the Blue Nile River between Khartoum and Khartoum North (see Fig. 1). 
It has a total length between abutments of 558.93 m and for several 
years after its construction in 1909 was ranked as the longest and 
most important bridge in tropical Africa.  In addition to the two 
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plate girder approach spans at the north and south banks, of length 
12.19 m and 26.21 m, respectively, there are seven main riveted truss 
spans, each 66.60 m center-to-center of piers, and a rolling lift span 
at the northern end of the bridge giving a clear opening of 30.A8 m. 
The bridge has a clear width between trusses of 10.97 tn, which is 
divided into a 4.57 ra clear width for railway traffic on the east side 
and a 6.40 m clear width for road traffic on the west side.  There is 
also a cantilevered footpath, 3.53 m wide, carried outside the west 
trusses. 
The main span trusses are of the Petit truss type and are 65.53 m 
in length between the centers of bearing.  The floor beams are placed 
3.66 m apart_at panel points of the trusses.  The railway track is 
carried by two lines of longitudinal stringers which are connected to 
the transverse floor beams.  The roadway, which is supported on lonti- 
tudinal troughing with a span of 3.66 m, consists of concrete filling 
faced with asphalt.  A plan and elevation of a typical main truss span 
are shown in Fig. 2, with a typical cross-section shown in Fig. 3. 
The Blue Nile Bridge was constructed by the Cleveland Bridge and 
Engineering Company, Limited, of Darlington, England, from 1906 
through 1909 and was opened to traffic in February 1909. 
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2.  FIELD MEASUREMENTS 
2.1 Data Acquisition 
Field tests on the Blue Nile Bridge were conducted during a two 
day period in February 19.81.  The first main truss span at the south- 
ern end of the bridge was chosen for detailed investigation because of 
its accessibility.  Fourteen strain gages were mounted on various com- 
ponents of this span to allow for the monitoring of transient strains 
caused by train traffic.  Figure A shows schematically the approximate 
location of the fourteen strain gages.  The exact position of all 
gages had to be estimated, as their locations were not well documented 
in the field. 
All strain gages were 6 mm long electrical resistance foil gages 
and were compensated for temperature when connected. 
The strain data was recorded only in analog form.  The current 
in the gage was converted to a factored measure of the strain at the 
gage point in the bridge component by a Wheatston'e Bridge circuit. 
Following amplification, the impulse was fed to an analog trace 
recorder.  A flow diagram of the recording system is shown in Fig. 5. 
The strain response of the bridge was recorded during the pas- 
sage of regular train traffic for a two day period in order to obtain 
a statistically representative sample of traffic on the bridge. A 
total of four regular trains crossed the bridge during the field test 
(see Table 1).  The resulting traffic sample was not considered 
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statistically significant and therefore was not used in further 
analysis. 
A special work train was also ordered for testijng the strain re- 
sponse of the bridge.  The work train was made up of three diesel- 
electric locomotives (Engine Class 1800 to 1900).  Figure 6 shows the 
work train consist.  Crawl speed tests and higher speed tests were 
carried out using the work train consist in order to collect data for 
an accurate calculation of the impact factors of various bridge com- 
ponents.  A maximum speed of 45 km/h was used during the field tests. 
Tests were also run in both directions (north and south) to assess the 
effect of train direction on the impact factors. 
2.2 Data Reduction 
Digital values of strains were not obtained during the field 
tests, therefore, manual measurement of the analog traces was the only 
possible method of data reduction.  Some typical traces are shown in 
Fig. 7.  By comparison of a trace of this type with the calibration 
data also recorded during the field tests, the magnitudes of the 
stress excursions were calculated.  However, not all stress vari- 
ations were considered stress cycles in the stress cycle counting 
method used in this analysis. 
Prior to searching the analog traces for fatigue information, a 
logical stress or strain range counting procedure was defined.  An 
initial threshold value was set at 1.0 mm for all traces.  The 
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threshold value was the minimum strain (stress) range of interest. 
A cycle was defined by three successive extrema (two minima and a 
maximum or two maxima and a minimum), and the magnitude of the largest 
excursion between any two was defined as the range of the cycle.  The 
third extremum of a cycle was used as the first extremum of the next 
cycle.  For example, in Fig. 8, the points A, B, C, D, E, F, G, H, I 
and J are identified as extrema.  Therefore, five ranges of magnitudes 
BC, CD, FG, GH and IJ are*found. At the end of a signal, a special 
procedure was followed. Referring again to Fig. 8, only two of the 
three extrema for the final cycle (points I and J) are identified at 
the termination of the trace.  The value IJ, however, is still clas-i 
sified as one stress range. 
It was also noted that for a small threshold value, a large 
number of small ranges was found; whereas for a large threshold value, 
the procedure identified fewer, but larger, ranges.  For example, again 
i 
in Fig. 8, if the threshold value is initially assumed to be greater 
than EF, only four ranges of magnitudes BC, DG, GH and IJ are found. 
Due to the fact that all ranges were specified as the absolute 
magnitudes of excursions, neither the absolute level of the trace, 
nor its polarity affected the end result of the data reduction. 
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2.3  Stresses In Various Components 
Only the stress range data obtained from the nine passages of the 
work train consist was used in the analysis of the bridge.  As stated 
previously, regular train traffic was infrequent and therefore not 
statistically significant.  Also, an accurate train log of the regular 
train traffic was not kept.  As a result, there was an insufficient 
amount of available data pertaining to the regular trains to warrant 
the use of these trains in further analysis. 
It was noted, however, that each of the four regular trains 
observed was some type of passenger train.  Thus, the data obtained 
from the passages of the regular trains was used as a purely quali- 
tative comparative tool in the initial steps of the fatigue life 
estimation of critical members. 
A computer program was developed to compile the strain range data 
obtained through data reduction of the analog traces.  A subroutine 
was also developed to plot stress histograms for each gage (see 
Figs. 9 through 21).  The maximum stress (S„.v), the number of vari- MAX 
able cycles (N ), the root-mean-square stress range (SODUC) and v KKrlo 
Miner's stress range (SRMIN ) were also calculated for each gage 
within the main program.  The results are presented in Table 2.  Note 
that all the data compiled was obtained from field measurements of the 
work train consist. 
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2.4  Impact Considerations 
Most specifications to date concur that impact on bridges, caused 
by vehicle loadings, is a function of the velocity of the vehicle. 
That is, as vehicle speed increases, the amount of impact created also 
increases.  Therefore, the work train data was examined to extract a 
possible impact and vehicle velocity relationship for the Blue Nile 
Bridge. 
The maximum speed attained in any of the work train passages was 
45 km/h.  The crawl speed test and the maximum velocity test were com- 
pared to note any variation in stresses or stress patterns caused by 
increased vehicle velocity.  No variation was observed for any of the 
gaged members, including the "stringers and floor beams.  Thus, it was 
initially assumed that impact loading is negligible for the Blue Nile 
Bridge at present train speeds.  However, the maximum velocity test 
was run at a relatively slow speed, and therefore, the test results 
should not have been used in the comparative analysis with the crawl 
run results.  Hence, the final results of the impact analysis were 
actually inconclusive. 
An investigation of the static and dynamic behavior of the Blue 
Nile Bridge, performed in 1960, noted that the dynamic deflection of 
the bridge exceeded the static deflection by less than 12%.  The re- 
sults of tests of both vertical and horizontal deflections were of a 
smaller order than expected. Thus, it was concluded that the Blue Nile 
Bridge was extremely steady under moving loads, and impact loading was 
not a major consideration (Coode and Partners, 1960). Therefore, impact 
loading was concluded to be negligible for the analysis presented herein. 
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3.  THEORETICAL MODELS 
3.1  Introduction to Analytical Models 
A total of six finite element models were used to approximate the 
behavior of the 65.53 m through truss span of the Blue Nile Bridge 
(Bathe, et al., 1974).  The six analytical models considered were as 
follows: , 
1. A plane simple truss model 
2. A plane frame model 
3. A three dimensional or space frame model 
4. A simple beam model for the stringers 
5. A continuous beam model for the stringers 
6. A simple beam model for the floor beams 
As a result of a field inspection of the Blue Nile Bridge in 
1960, it was noted that most of the expansion bearings were performing 
as expected but were in need of regular cleaning and lubrication 
(Coode and Partners, 1960).  Thus, all models were assumed to have 
fixed-roller bearings as the boundary conditions at support points. 
Also, it was noted during the field studies conducted by Lehigh 
University in February 1981 that corrosion was nonexistent due to the 
favorable inland climate of the Sudan.  Therefore, the total gross 
section of all members was considered effective in each analytical 
model. 
Each model was loaded in such a manner as to allow for the devel- 
opment of influence lines for stress resultants at any point in a 
specified member'. 
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3.2 Plane Tru98 Model 
A plane truss model Is the analytical model most commonly used in 
the linear elastic analysis of a truss bridge span.  It usually pro- 
vides an upper bound to overall forces and displacements in the truss. 
Figure 22 shows schematically the plane truss model used in the 
analysis of the Blue Nile Bridge.  Table 3 lists the geometric proper- 
ties of all truss elements.  All truss joints were assumed to be pin 
connected.  Simple flo<5^bearas were used to distribute loads to the 
trusses.  Due to the unsymmetrical cross-section of the bridge, only 
the east truss was used in analysis, as it was the most critically 
stressed truss.  A total of nine loading conditions was considered. 
Each loading condition consisted of a unit vertical load, multiplied 
by a factor of 1.555, applied at a lower chord panel point.  Due to 
the symmetry of the plane truss model, only half the structure was 
loaded. 
i 
The plane truss model yielded only axial forces in the truss 
elements.  Due to the fact that the loads on the bridge span are trans- 
mitted to hanger elements through the floor beams, the actual stress 
resultants in the hangers were approximated by also considering the 
hanger - floor beam frame action.  Figure 23 shows the simplified 
hanger to floor beam frame model used in conjunction with the plane 
truss model.  The hangers were assumed fixed at U., and the floor beam 
was assumed to be prismatic. The floor beam to hanger connection was 
considered continuous because of the relatively low flexural stiffness 
of the hanger as compared to that of the floor beam. 
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3.3 Plane Frame Model 
A schematic of the plane frame model, identical to the plane 
truss model, is shown in Fig. 22.  However, in the plane frame model, 
all joints were assumed to be rigidly connected.  As a result of this 
assumption, moments developed at the ends of frame elements.  Refer 
again to Table 3 for a listing of geometric properties of all elements. 
The loading conditions were the same as used for the plane truss 
model.  The hanger to floor beam frame model depicted in Fig. 23 was 
also used in conjunction with the plane frame model in order to more 
closely approximate the actual stresses in the hanger elements. 
3.A  Space Frame Model 
The three-dimensional or space frame model was developed to 
closely simulate the behavior of the full 65.53 m through truss span. 
The model included the floor system, both east and west trusses and 
the top and bottom lateral systems.  Figure 24 shows schematically the 
three-dimensional model.  The geometrical properties of the trusses 
are as listed for the plane truss and plane frame models in Table 3. 
The geometrical properties of the floor system members are summarized 
in Table 4. 
The floor beam is a nonprismatic member, and thus, an average 
depth was used to estimate the corresponding geometrical properties. 
The portal cross-sectional properties were estimated, based on the 
assumption that each portal acts as a singular beam element and not a 
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truss or frame.  It was noted that the top lateral system, Including 
the portals, had no major Interaction with the trusses or floor system 
except to provide a moment restraint at the upper ends of hanger 
elements. 
In the three-dimensional model, floor beam to truss connections 
and stringer to floor beam connections were assumed to be rigid.  All 
truss connections were also assumed to be rigid.  That is, a plane 
frame model was used for each truss within the main space frame model. 
The actual bridge structure is loaded directly on the rails. 
Thus, the three-dimensional model was loaded at quarter points and at 
midspan along both lines of longitudinal stringers.  A total of 71 load- 
ing conditions was considered.  Each loading condition consisted of 
two unit vertical loads applied at corresponding points on the two 
lines of longitudinal stringers.  Torsional effects, although small, 
were also included. 
3.5 Simple Beam Models 
Both the stringers and floor beams were modeled as simple beams. 
The geometrical properties of both types of members are listed in 
Table A. 
Due to the fact that no interaction occurs between adjacent 
stringers in a simple beam model, only three loading conditions were 
considered for the stringer simple beam model.  Each loading condition 
consisted of a unit vertical load applied at quarter points or at mid- 
span of the model.  Thus, the model simulated a typical stringer. 
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Only one loading condition was considered for the floor beam 
simple beam model, due to the fact that the floor beams are not con- 
nected directly to each other at any point in the structure. That is, 
in the simple beam model, any load applied to a floor beam had no 
effect on adjacent floor beams.  Each floor beam was considered as a 
separate unit.  The loading condition consisted of two unit vertical 
loads applied at stringer connection points of the floor beam model. 
Torsional effects were included. 
3.6 Continuous Beam Model 
The longitudinal lines of stringers were modeled as continuous 
beams on rigid supports, to note if the stringers act with any degree 
of continuity.  Due to the symmetry of the continuous beam model, only 
36 loading conditions were considered.  Each loading condition con- 
sisted of a unit vertical load applied at quarter points or at midspan 
of the stringers. 
3.7 Correlation of Predicted Stresses with Field Measurements 
A problem arose in the correlation of predicted stresses with 
field measurements due to the fact that the gage locations were not 
well documented in the field.  As a result, it was not possible to use 
all of the gages in the analysis reported herein.  All gages located 
on the east truss members were used in the analysis, as their loca- 
tions were approximately specified.  However, the locations of gages 
2, 11 and 12 were only arbitrarily documented and therefore were used 
with caution in the correlation of predicted and measured stresses. 
-15- 
A computer program was developed to calculate the maximum 
stresses, the root-mean-square stress ranges and Miner's stress 
ranges at specified points on members in a bridge structure subjected 
to moving loads.  The three possible stress influence lines for each 
gage point, obtained from the analysis of the six theoretical models, 
were used in conjunction with the load pattern of the work train con- 
sist as input to the program described above.  Also, stress-time plots 
were generated by the program to allow for a comparison with analog 
traces obtained in the field.  Presented in Tables 5 through 10 is a 
summary of all data generated by the program.  Figures 25 through 28 
show typical stress-time plots (for gages 10 and 11) generated by the 
program.  All data was based on the assumption that the gross section 
of the members is effective. 
As a result of the correlation analysis, the space frame model 
was determined to be the most accurate model for the truss members. 
It was noted, however, that the maximum stresses measured at the gage 
locations in the bottom chords were slightly higher than those 
obtained from the theoretical analysis.  In the three-dimensional 
model, it was assumed that movable bearings existed at one end of the 
bridge.  Thus, it was concluded that the expansion bearings were 
allowing complete horizontal movement of the bridge.  The three- 
dimensional model also overestimated the bending stresses in the top 
chord, as was expected.  The maximum stresses and the stress ranges 
for all gage points on the east truss, obtained from the aforemen- 
tioned computer analysis, varied slightly from those measured during 
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the field tests.  A better correlation would have been possible if 
the exact locations of gages were known. 
Normally, for a bridge of this type (through truss span), the 
floor b«atns and stringers behave as simple beams.  However, the re- 
sults presented herein led to a contradictory conclusion for the floor 
beams.  It was noted that the simple beam model greatly overestimated 
the maximum stress and the stress ranges in the floor beams (see data 
corresponding to gage 10).  The space frame model, on the other hand, 
provided excellent correlation with the field measurements for floor 
beams. 
It was observed during the field tests that the stringers were 
subjected to stress excursions larger than expected at gage points 11 
and 12.  These critical gages were located at approximately the centers 
of adjacent stringers near the midspan of the bridge.  Thus, it was 
expected that the simple beam model would provide an accurate correla- 
tion between predicted and measured stresses for 'the stringers.  How- 
ever, the maximum stresses predicted by the simple beam model, 
although larger than those stresses predicted by all other models, 
were at best, 43 percent less than the maximum stresses measured in 
the field.  As a result, it was concluded that either the cross- 
sectional properties of the stringers, obtained from blue prints of 
the bridge and verified by a representative of the Sudan Government 
Railway, did not accurately represent actual field conditions, or the 
gage sensitivity was different than reported. Thus, it was suggested 
that additional field measurements of stringer dimensions were needed 
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the field tests.  A better correlation would have been possible if 
the exact locations of gages were known. 
Normally, for a bridge of this type (through truss span), the 
floor beams and stringers behave as simple beams.  However, the re- 
sults presented herein led to a contradictory conclusion for the floor 
beams.  It was noted that the simple beam model greatly overestimated 
the maximum stress and the stress ranges in the floor beams (see data 
corresponding to gage 10).  The space frame model, on the other hand, 
provided excellent correlation with the field measurements for floor 
beams. 
It was observed during the field tests that the stringers were 
subjected to stress excursions larger than expected at gage points 11 
and 12.  These critical gages were located at approximately the centers 
of adjacent stringers near the midspan of the bridge.  Thus, it was 
expected that the simple beam model would provide an accurate correla- 
tion between predicted and measured stresses for the stringers.  How- 
ever, the maximum stresses predicted by the simple beam model, 
although larger than those stresses predicted by all other models, 
were at best, 43 percent less than the maximum stresses measured in 
the field.  As a result, it was concluded that either the cross- 
sectional properties of the stringers, obtained from blue prints of 
the bridge and verified by a representative of the Sudan Government 
Railway, did not accurately represent actual field conditions, or the 
gage sensitivity was different than reported. Thus, it was suggested 
that additional field measurements of stringer dimensions were needed 
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to provide a more accurate model for the stringers of the Blue Nile 
Bridge. 
Due to the reversal in stress polarity at gages 2 and 4 (located 
on stringers near stringer to floor beam connections), it was also 
concluded that the stringers act with a small degree of joint 
continuity. 
In conclusion, it was noted that the three-dimensional or space 
frame model provided the best correlation between measured and pre- 
dicted stresses for both the truss members and the floor beams, 
whereas the simple beam model provided the closest correlation for 
the stringers. It should be noted, however, that an average correla- 
tion factor of 1.82 was used in conjunction with the simple beam model 
for stringers in all subsequent analyses.  A comparison of Figs. 7 and 
26 show the apparent discrepancy between predicted and measured 
stresses for the stringers.  The validity of these conclusions is 
dependent on the data available at the time of the analysis. 
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A.  RIVETED CONNECTIONS 
4.1 Brief History 
New technical developments in the 1850's led to more demanding 
use of rivets and riveted joints.  However, investigations and re- 
search of the factors affecting riveted joint strength under both 
static and repeated loads were undertaken only after many failures of 
the new structures had occurred. 
There are numerous references on riveted connections from ap- 
proximately 1840 to date.  In 1838, Fairbairn reported the results 
of an extensive series of static tests on riveted joints.  Wilson and 
Thomas reported, in 1938, the results of fatigue tests on riveted 
joints in connection with the construction of the San Francisco - 
Oakland Bay Bridge, California.  Later, in 1949, Lenzen discussed 
the results of an investigation limited to obtaining a comparison of 
the fatigue strength of riveted and bolted joints.  The first major 
investigation on the effect of bearing pressure on the fatigue strength 
of riveted connections was performed by Parola, Chesson and Munse in 
1965.  Other researchers have studied the effect of grip length and 
rivet patterns on the fatigue strength of riveted connections (Parola, 
et al., 1965). 
4.2 Present AREA Specifications 
The present AREA Manual for Railway Engineering requires that all 
members with riveted connections that are subjected to fatigue or 
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repeated loadings must meet the requirements of Category D of 
Articles 1.3.13 and 2.3.1 in Chapter 15 of the specification.  If an 
engineer can safely state that the rivets in question are tight and 
have developed a normal level of clamping force, Category C may be 
used as a lower bound for fatigue resistance estimations. 
The current specification also establishes the definition for 
stress range (SR) as the algebraic difference between the maximum 
(£>»,.„) and minimum (SMTN) calculated stresses.. Thus, for members and 
connections subjected to reversal loadings, the compressive portion 
of the stress cycle is accounted for in the calculation of the stress 
range. 
In Fig. 29, the Category D fatigue line of the AREA Specification 
is shown in comparison to fatigue resistance curves for riveted con- 
nections from the specifications of other countries. 
4.3 Previous Investigation 
As the result of a review of available test data, members with 
riveted connections had their lower bound fatigue resistance defined 
by the Category D fatigue line.  The available test data was compiled 
using bearing ratio and level of clamping force as the only parameters* 
Figure 30 shows the results of this investigation.  It was noted that 
most data pertaining to tests of riveted connections with reduced" 
levels of clamping force fell to the right of the Category D fatigue 
line, but to the left of the Category C fatigue line. As a result, 
the lower bound to fatigue resistance of riveted connections was 
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defined as Category D in the AREA Specification.  It was also noted 
that data pertaining to tests of riveted connections with reduced 
levels of clamping force, but with high bearing ratios, frequently 
fell to the left of the Category D fatigue line.  However, these 
values were not considered applicable, as no railroad bridge structure 
had ever been proportioned using such high bearing ratios. 
Figure 30 also shows that nearly all data associated with tests 
on riveted connections with normal levels of clamping force fell to 
the right of the design line corresponding to Category C.  Therefore, 
it became permissible to use the Category C fatigue line when estimat- 
ing the fatigue resistance of members with tight riveted joints.  How- 
ever, the decision as to what constitutes a tight riveted joint was 
left to the design engineer.  Noted also was the fact that most data 
associated with tests of riveted connections with normal levels of 
clamping, but with high bearing ratios, fell to the left of the Cate- 
gory C fatigue line. 
On the basis of this investigation into past test data of riveted 
conrections, it was concluded that a decrease in fatigue life will 
generally accompany an increase in bearing ratio, especially when the 
bearing ratio is approximately 2.25 or greater.  It was also concluded 
that fatigue life decereased with a decrease in the level of rivet 
clamping force.  Thus, based on recommendations resulting from this 
study, the present AREA Specification was established (Fisher, et al., 
197c). 
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4.4 Type of Stress Cycle and Fatigue Life 
All available references on past tests of riveted connections 
were reviewed, and the test data was compiled using cyclical loading 
type as a parameter.  Each test was classified according to loading 
type as either a zero-to-tension test, a full reversal test or a half 
tension-to-tension test.  The purpose of this investigation was to 
evaluate the effect of loading type on the fatigue behavior of riveted 
connections.  Thus, the effects caused by the variation of other para- 
meters, such as rivet configuration, grip length and bearing ratio, 
were isolated from the effects produced by the variation of the para- 
meter in question.  However, the interaction of all variables was con- 
sidered when interpreting the results reported herein.* 
The test data obtained from all zero-to-tension tests are plotted 
in Fig. 31.  Also plotted are the fatigue design lines corresponding 
to Category C and Category D of the AREA Specification.  Most of the 
data which correspond to zero-to-tension fatigue tests fell to the 
right of the Category C design line.  A small percentage of the test 
data fell between the two fatigue lines.  These data points corres- 
ponded to zero-to-tension fatigue tests of riveted connections with a 
bearing ratio greater than 2.25, a reduced level of clamping force, or 
a combination of both factors. 
Half tension-to-tension tests were performed infrequently in the 
past, and thus, only a small amount of data was available for the 
*Table 11 summarizes the references and symbols used in Figs. 31 
through 34. 
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purpose of this investigation (see Fig. 32).  In general, the same re- 
sults were obtained in the examination of half tension-to-tension 
tests as were previously described for zero-to-tension tests.  It was 
also noted that half tension-to-tension loading resulted in yielding 
on the net section at the higher stress range levels.  As stated pre- 
viously, the AREA Specification defines stress range (S„) as the 
algebraic difference between the minimum and maximum computed stresses. 
That is, 
SR " Smx "  SMIN (1) 
and thus, for half tension-to-tension load cycles, 
SMAX " 2 SR (2> 
Therefore, in the test data obtained, all values of stress range 
greater than or equal to approximately 110.32 MPa exceeded the yield 
stress on the net section for riveted connections of steel types A7 
and A373.  Thus, plastification and fatigue failure occurred simul- 
taneously on the critical net sections of nearly all the riveted con- 
nections examined which were subjected to half tension-to-tension 
loading.  As a result, an accurate estimate of the effect of half 
tension-to-tension loading on the fatigue life of riveted connections 
was not possible at higher levels of stress range. 
Plotted in Fig. 33 are all the test data corresponding to the 
full reversal tests reviewed.  In accordance with the AREA Specifica- 
tion, the stress ranges were calculated using Eq. 1.  Thus, the com- 
pression half of each cycle was included in the comparative analysis. 
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It was noted that all data which corresponded to full reversal fatigue 
tests of riveted connections fell to the right of the Category C 
design line when the stress ranges were calculated as per AREA speci- 
fications.  As a result of past research on riveted connections, it 
was generally concluded that reversal loading reduces the fatigue 
strength and endurance limit of the connection in question.  Thus, it 
was proposed during this investigation that the definition of stress 
range as per the present AREA Specification was not conservative for 
members and connections subjected to full or partial reversal loadings. 
The stress ranges corresponding to the full reversal tests were 
recalculated according to the following assumptions: 
SMIN - ° <3> 
and 
S
R " 
S
mx <
A) 
Note that only the tensile portion of the full cycle was used in deter- 
mining the magnitude of the stress range on the net section of the 
specimen.  The compression half of the cycle does not adversely 
affect the fatigue life of a riveted connection. A comparison of the 
adjusted test data and the AREA fatigue lines (see Fig. 34) shows that 
nearly all the test data fell between the Category C line and the 
Category D line.  Thus, a conservative lower bound to fatigue resis- 
tance of riveted connections subjected to reversal loading was noted 
as the Category D fatigue line. 
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The variation of fatigue strength with bearing pressure was 
observed to be small for a riveted connection subject to full reversal 
loading.  Also, no data from full reversal tests with reduced rivet 
clamping was obtained due to the difficulty inherent in performing a 
test of this nature. 
The feasibility of increasing the fatigue or endurance limit for 
riveted connections was also investigated. Figures 31 and 32 show 
that the present endurance limit of 68.95 MPa for Category C was con- 
servative for zero-to-tension and half tenstion-to-tension tests. No 
test data was obtained at the endurance limit of Category C or Cate- 
gory D from the full reversal tests reviewed. It was also noted that 
no experimental data exists at a cycle life greater than 107. Hence, 
the fatigue limit and crack growth threshold are not well defined for 
riveted members and connections. 
A.5  Summary and Recommendations 
On the basis of the test results referred to herein, several 
general observations were made concerning the effect of different 
variables on the fatigue life of riveted connections.  A reduction 
in the amount of rivet clamping decreased the fatigue life of riveted 
connections, regardless of the type of load cycle.  The variation of 
fatigue strength with bearing ratio was small for riveted connections 
subjected to full reversal loading.  However, for zero-to-tension and 
half tension-to-tension loadings, the variation was much greater and 
appeared to be most pronounced when the bearing ratio was 2.25 or 
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greater.  Fatigue properties increased with an increase in grip length 
for the zero-to-tension loading, but decreased for the full reversal 
loading.  In general, the full reversal loading was observed to be the 
most critical type of loading investigated. 
It was noted that all data corresponding to fatigue tests of 
beams with riveted cover plates fell well to the right of the Cate- 
gory C design line.  However, only zero-to-tension tests were per- 
formed on this type of specimen.  Also, simple riveted tension splice 
test data always fell to the right of the Category C fatigue line for 
specimens subjected to zero-to-tension or half tension-to-tension 
loading.  It should be noted, however, that both the simple tension 
splice specimens and the beams with cover plates had normal levels of 
rivet clamping force and bearing ratios of 2.25 or less.  Thus, for 
the restrictions mentioned above, it was concluded that Category C is 
a reasonable lower bound to fatigue resistance of riveted members and 
connections subjected to zero-to-tension or half tension-to-tension 
load cycles. 
The following tentative recommendations for possible changes in 
the AREA Specification were based on the results of the investigation 
reported herein. 
1.  Members with riveted connections subjected to zero-to- 
tension or partial tension-to-tension load cycles shall 
meet the requirements of Category C of the AREA Specifi- 
cation, except as noted below. 
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2. Members with riveted connections subjected to zero-to-tension 
or partial tension-to-tension load cycles and with severely 
reduced levels of clamping force shall meet the requirements 
of Category D of the AREA Specification. 
3. For members with riveted connections subjected to full or 
partial reversal load cycles, the effective stress range 
shall be defined as the maximum calculated net section stress. 
4. Members with riveted connections subjected to full or partial 
reversal load cycles shall, in all cases, meet the require- 
ments of Category D of the AREA Specification. 
It should be noted that the above recommendations were based on the 
assumption that the allowable bearing ratio was 2.25 or less. 
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5.  FATIGUE DAMAGE ESTIMATES 
5.1 History of Traffic on the Bridge 
In order to determine the remaining life of the Blue Nile Bridge, 
an estimate of past and future train traffic on the bridge was made 
(see Fig. 35). Table 12 summarizes the number of trains per year 
estimated from tertiary sources. The following assumptions were also 
made: 
1. From 1909 to 1935, only steam locomotives of the type 200 
were used. 
2. From 1935 to 1960, only steam locomotives of the type 500 
were used. 
3. From 1960 to date, diesel-electric locomotives were used. 
The 1800 locomotive was most common. 
4. Passenger trains had a maximum of 25 cars per train 
from 1909 to the present. 
5. Freight trains had a maximum of 35 cars per train from 
1909 to 1960.  No oil freight was shipped before 1960. 
6. Freight trains had a maximum of 50 cars per train from 
1960 to date, with approximately 40 percent of the cars 
as oil freight cars. 
7. Approximately half of the total number of oil freight 
cars transported during the time period 1960 to date 
were empty. 
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8. Unit trains consisted of a diesel-electric locomotive, 
type 1800, and four passenger cars. 
9. Freight cars were full at all times, in both directions. 
Table 13 summarizes the number of locomotives and cars calculated 
using the aforementioned-assumptions. 
It was noted in the 1960 field study of the Blue Nile Bridge 
that train loading created critical stresses in the stringers inde- 
pendently of truck loading on the roadway.  It was also observed 
that truck loadirtgs, acting independently of train loadings did not 
adversely affect the stringers.  It was also noted in this study that 
the floor beams were adversely affected by truck traffic. However, 
the cumulative fatigue damage on the floor beams due to truck traffic 
was minor in comparison to that caused by train traffic.  Also, due 
to the recent industrial development in Khartoum North, a separate 
road bridge was built over the Blue Nile between Khartoum and Khartoum 
North, and the Blue Nile Bridge was closed to truck traffic.  As a 
result of the above findings, truck traffic was not considered criti- 
cal in the. estimation of fatigue damage of the bridge, and thus, was 
not included in any subsequent calculations. 
5.2  Estimation of Fatigue Life of Critical Members 
The stringers were noted to be the most critically stressed mem- 
bers. Also considered relatively critical were the hangers and floor 
beams.  The three-dimensional model was used to simulate the behavior 
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of the hangers and floor beams, whereas the simple beam model was used 
to represent the stringers.  Correlation factors used in conjunction 
with these models are summarized in Table 14.  The most critical 
points on the three types of critical members were chosen for further 
analysis, as follows: 
1. Rivet holes in first hanger at floor beam to hanger 
connection 
2. Rivet holes at midspan of stringer. 
3. Rivet holes in center floor beam at floor beam to 
stringer connection. 
The net section was assumed effective in all cases. 
The program developed to assist in analyzing the various theo- 
retical models was also used to estimate S,,-.,. and S-.,.,.,— for each 
RKMb      KMlNfcK 
critical member at the point designated above on the basis of present 
and future traffic estimations. The results are presented in 
Tables 15 through 17. 
The fatigue life estimations for the three critical members are 
presented in Table 18 and Figs. 36 through 38.  It is noted that the 
hangers and floor beams are not expected to experience fatigue cracks. 
However, the strain measurements obtained from the field study indi- 
cated that the stringers experienced stress cycles that exceeded the 
crack growth threshold and fatigue limit for both Category C and Cate- 
gory D of the AREA Specifications.  The effective stress range for the 
ten million random variable stress cycles that the stringers have 
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experienced to date Indicates that fatigue cracks are likely to 
develop in the stringers.  The effective stress range and cumulative 
stress cycles for the stringers to date exceeds the lower confidence 
limit for Category C of the AREA Specifications.  Thus, it was con- 
cluded that cracks should become apparent in one or more of the 
riveted stringer components.  These cracks should be readily detect- 
able as the material properties of the steel indicate that brittle 
fractures are not likely to occur unless the riveted component (i.e. 
flange angle) has been severed by fatigue cracking.  Because of the 
inherent redundancy of the multiple component stringers, cracking of 
one of the components will not result in significant deformation or 
loss of ability to carry the load.  Frequent inspections should per- 
mit the immediate detection of such fatigue cracks, so that satisfac- 
tory retrofitting can be carried out. 
Due to the fact that the fatigue damage, to date, of the 
stringers has been estimated as critical, it was concluded that steps 
need to be taken in order to strengthen or replace the stringers of 
the Blue Nile Bridge. 
5.3 Conclusions 
The following conclusions are based on the analysis and assump- 
tions presented herein. 
1.  The three-dimensional model provided the best correlation 
between measured and predicted stresses for the floor 
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beams and hangers, whereas the simple beam model provided 
the best correlation for the stringers. 
2.  Field measurement of the dimensions of the stringers is 
recommended, as there were major discrepancies between 
actual and theoretical stresses.  That is, the measured 
stresses were much larger than those obtained from the 
theoretical analysis. 
.3.  The floor beams and hangers were found to have adequate 
resistance to fatigue loading and no crack growth is 
anticipated. 
4. The stringers were found to have already developed detect- 
able fatigue cracking.  It was concluded that a more 
accurate estimate of the past train traffic is needed in 
order to obtain a better approximation of fatigue life for 
the stringers.  However, it was also concluded that the 
stringers must be retrofitted or replaced to prevent further 
fatigue damage, as they appeared to be critically stressed. 
5. The results presented herein suggest that a serious effort 
must be made to inspect the stringers in order to ascertain 
whether or not cracks have formed. 
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TABLE 1:  REGULAR TRAIN TRAFFIC RECORDED 
DURING FIELD TEST PERIOD 
Date Time Train Description 
2-15-81        0715        Northbound Passenger Train 
with Four Freight Cars 
2-15-81        07.15        Northbound Passenger Train 
2-15-81        0758        Three Lightweight Self-Propelled 
Northbound Passenger Cars 
2-15-81 0915        Northbound Passenger Train 
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TABLE 2:  STRESSES AT GAGE POINTS IN VARIOUS 
COMPONENTS DUE TO WORK TRAIN 
Gage MAX 
No.     Gage Position    (MPa) 
23.79 1 Bottom Chord 
2 Stringer 
3 Bottom Chord 
4 Stringer 
5 Rail 
6 Hanger 
7 Diagonal 
8 Hanger 
9 Diagonal 
10 Floor Beam 
11 Stringer 
12 Stringer 
13 Floor Beam 
14 Top Chord 
RRMS 
(MPa) 
16.48 
RMINER 
(MPa) 
17.24 
No Cycles Discernable 
17 
23.80 14.89 15.93 139 
21.99 13.86 14.75 24 
21.97 17.80 19.10 92 
91.52 72.74 74.67 155 
38.27 16.13 17.31 40 
12.82 10.14 10.48 41 
25.63 16.82 18.55 45 
23.80 16.82 18.06 37 
20.14 13.31 13.86 51 
78.71 71.98 72.05 48 
84.20 73.64 73.77 48 
16.47 17.58 17.72 
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TABLE 3:  CROSS-SECTIONAL PROPERTIES OF 
TRUSS MEMBERS (GROSS SECTION) 
Area Moment of Inertia a (cm1*) 
Member (cm2) I 
X 
I 
LO-LA 645.22 616210.65 544525.61 
L4-L8 914.58 932039.98 800571.62 
L8-L9 979.09 987532.78 867124.94 
LO-KL 899.74 1538156.60 480016.81 
M1-U2 823.55 1396021.90 461947.79 
U2-U4 798.45 981335.10 736783.32 
U4-U6 769.42 945614.53 716554.47 
U6-U10 SS5.55 1067647.30 803898.97 
LI-MI 114.13 44854.35 1047.65 
L3-M3 114.13 44854.35 1047.65 
L5-M5 114 J.3 44854.35 104 7.65 
L7-M7 114.13 44854.35 104 7.65 
L9-M9 114.13 44854.35 104 7.65 
L2-U2 151.61 58391.03 1474.29 
L6-U6 151.61 58391.03 1474.29 
L4-U4 118.52 45625.21 1030.59 
L8-U8 128.32 57476.57 4777.50 
L2-M1 ' 114.13 50159.22 2869.92 
L2-M3 114.13 50159.22 2869.92 
L4-U2 271.03 134769.49 29514.55 
L4-U6 278.19 133946.60 66363.52 
L6-M5 123.94 56274.78 4808.31 
L6-M7 123.94 56274.78 4808.31 
L8-M9 123.94 56274.78 4808.31 
L8-U6 215.61 99819.79 12960.20 
U8-M9 109.29 47154.44 2123.61 
M8-M9 75.87 4982.29 39825.44 
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TABLE 4:  CROSS-SECTIONAL PROPERTIES. OF 
FLOOR SYSTEM MEMBERS (GROSS SECTION) 
Area Moment of Inter tia (cm ) 
Member (cm2) I X I 
_2. 
Floor Beam 349.61 997678.42 10473.63 
Stringer 125.10 50380.65 2254.31 
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TABLE 5:  MAXIMUM STRESSES IN TRUSS MEMBERS OF 
THEORETICAL MODELS DUE TO WORK TRAIN CONSIST 
Maximum Stresses (MPa) 
Plane Plane Space 
ge Position Measured Truss Frame Frame 
1 Bottom Chord 23.79 19.84 22.94 22.09 
3 Bottom Chord 21.99 19.84 21.12 20.53 
6 Hanger 38.27 30.72 15.86 24.67 
7 Diagonal 12.82 30.56 16.51 14.86 
8 Hanger 25.63      28.35      19.52      24.14 
9 Diagonal 23.80      37.74      20.48      21.13 
14     Top Chord       -16.47     -20.81     -21.65     -19.04 
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TABLE 6:  MAXIMUM STRESSES IN FLOOR SYSTEM MEMBERS OF 
THEORETICAL MODELS DUE TO WORK TRAIN CONSIST 
Maximum Stresses (MPa) 
Simple Space Continuous 
Gage Position 
Stringer 
Measured 
23.79 
Beam 
13.52 
Frame 
-23.52 
Beam 
2* -20.55 
-16.47 
4* Stringer -21.97 
14.64 
-18.31 21.57 14.22 
10 Floor Beam 20.14      34.86      20.48 
11 Stringer 78.71      44.65      30.90      30.70 
12 Stringer 84.20      44.65      31.21      30.7- 
*Traces showed change in sign of stress as trains passed 
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TABLE  7:     ROOT-MEAN-SQUARE  STRESS RANGES   IN TRUSS MEMBERS 
OF THEORETICAL MODELS  DUE TO WORK TRAIN CONSIST 
Stress Ranges (MPa) 
Plane Plane Space 
Gage Pos* tion Measured Truss Frame Frame 
1 Bot :om Chord 16.48 19.84 22.94 17.56 
3 Bottom Chord 13.86 19.84 21.12 14.21 
6 Hanger 16.13 14.89 9.66 13.97 
7 Diagonal 10.14 12.94 9.45 11.32 
8 Hanger 16.82      17.35      11.82      16.75 
9 Diagonal 16.82      16.03      15.62      16.03 
14     Top Chord        17.58      20.81      21.65      19.04 
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TABLE 8:  ROOT-MEAN-SQUARE STRESS RANGES IN FLOOR SYSTEM MEMBERS 
OF THEORETICAL MODELS DUE TO WORK TRAIN CONSIST 
Stress Ranges (MPa) 
Simple     Space    Continuous 
Gage     Position    Measured     Beam      Frame      Beam 
2 Stringer 14.89 8.12 16.07 17.69 
4 Stringer 17.80 10.96 17.57 10.98 
10 Floor Beam 13.31 29.82 13.28         
11 Stringer 71.98 38.98 28.33 28.10 
12 Stringer 73.64 38.98 29.01 28.10 
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TABLE 9:  MINER'S STRESS RANGES IN TRUSS MEMBERS OF 
THEORETICAL MODELS DUE TO WORK TRAIN CONSIST 
Stress Ranges (MPa) 
Plane Plane Space 
Gage Position Measured Truss Frame Frame 
1 Bottom Chord 17.24 19.84 22.94 18.03 
3 Bottpm Chord 14.75 19.84 21.12 15.98 
6 Hanger 17.31 15.77 11.71 15.86 
7 Diagonal 10.48 16.29 11.58 12.01 
8 Hanger 18.55 19.08 13.95 18.47 
9 Diagonal 18.06 18.33 17.38 17.65 
14 Top Chord 17.72 20.81 21.65 19.04 
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TABLE 10:  MINER'S STRESS RANGES IN FLOOR SYSTEM MEMBERS 
OF THEORETICAL MODELS DUE TO WORK TRAIN CONSIST 
Stress Ranges (MPa) 
Simple     Space    Continuous 
Gage     Position    Measured     Beam      Frame      Beam 
2 Stringer 15.93 9.31 17.32 18.21 
4 Stringer 19.10 12.44 18.67 12.71 
10 Floor Beam 13.86 30.26 13.90         
11 Stringer 72.05 40.29 29.20 28.98 
12 Stringer 73.77 40.29 30.30 28.98 
-42- 
TABLE 11:  REFERENCE LIST FOR RIVETED CONNECTION 
LITERATURE SEARCH 
Symbol Condition References 
I Beams with 
Riveted Cover Plates 
Single and Double 
Lap Riveted Joints 3, 4, 9, 17 
Double Lap Joint 
Bearing Ratio < 2.25 
Reduced Clamping 
14, 17 
Double Lap Joint 
Bearing Ratio < 2.25 
Normal Clamping 
14, 17 
Double Lap Joint 
Bearing Ratio > 2.25 
Reduced Clamping 
14, 17 
Double Lap Joint 
Bearing Ratio > 2.25 
Normal Clamping 
14, 17 
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TABLE 12:  NUMBER OF TRAINS PER YEAR 
ESTIMATED FROM TERTIARY SOURCES 
Freight        Passenger Unit 
Year               Trains         Trains Trains* 
1909               1440           648 0 
1935               1440           648 0 
1960               1440           648 0 
1981               5280          1176 312 
2000 (high)         8754          1654  - 594 
2000 (low)          5280          1176 312 
*Small passenger trains with three or four passenger cars 
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TABLE 13:  NUMBER OF LOCOMOTIVES AND CARS 
ESTIMATED FROM TERTIARY SOURCES 
Year 
2000 .2000 
Car Type            1981      (Low Estimate)   (High Estimate) 
200 Locomotive         54,288         54,288 54,288 
500 Locomotive         52,200         52,200 52,200 
1800 Locomotive         97,416         226,008 268,351 
Freight Car          4,788,000       7,797,600 8,839,890 
Oil Freight Car        739,200       1,742,400 2,089,830 
(Full) 
Oil Freight Car        739,200       1,742,400 2,089,830 
(Empty) 
Passenger Car        1,341,528       1,923,840 2,054,557 
7,072,632      13,538,736 15,448,946 
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TABLE 14:  CORRELATION FACTORS 
Correlation Factors (Actual/Predicted) 
Member 
Type 
Maximum 
Stress RRMS RMINER 
Hanger 1.30 1.08 1.05 
Floor Beam 0.98 1.00 1.00 
Stringer 1.82 1.87 1.81 
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TABLE 15:     EFFECTIVE  STRESS  RANGE ESTIMATES 
DUE TO CUMULATIVE TRAFFIC TO DATE 
1981   (Nv  - 9.98 x 10  ) 
Member RRMS 
Type (MPa) 
Floor Beam 8.704 
Stringer 47.505 
Hanger 14.575 
RMINER 
(MPa) 
10.138 
48.477 
15.412 
°RMAX 
(MPa) 
29.43 
85.27 
47.02 
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TABLE 16:  EFFECTIVE STRESS RANGES, ASSUMING NO INCREASE 
IN VOLUME OF TRAIN TRAFFIC PER YEAR 
(LOW ESTIMATE) FOR CUMULATIVE TRAFFIC TO 2000 
2000 (N - 1.69 x 
V 
107) 
Member SRRMS SRMINER SRMAX 
Type (MPa) (MPa) (MPa) 
Floor Beam 8.837 10.190 29.43 
Stringer 47.591 48.495 85.27 
Hanger 14.777 15.563 47.02 
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TABLE 17:  EFFECTIVE STRESS RANGES ASSUMING A CONTINUATION IN THE 
PRESENT GROWTH OF THE VOLUME OF TRAIN TRAFFIC PER YEAR 
"'        ""1     '■"■    ■        —-    .——■-     ■-     — ■■ ■-'     .LI"    ■!■   -         — ■   —— ■    -Ml,  -II.-,, -I.    .,..,— 
(HIGH ESTIMATE) FOR CUMULATIVE TRAFFIC TO 2000 
2000 (Ny - 1.92 x 107) 
Member SRRMS SRMINER SRMAX 
Type (MPa) (MPa) (MPa) 
Floor Beam 8.868 9.990 29.43 
Stringer 47.663 48.723 85.27 
Hanger 14.852 15.619 47.02 
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TABLE 18:  FATIGUE LIFE ESTIMATIONS OF CRITICAL MEMBERS 
Category C 
SRRMS   SRMINER 
Category D 
SRRMS   SRMINER 
Floor Beam Infinite Life Infinite Life 
Hanger Infinite Life Infinite Life 
Stringer 
(High Estimate) 
High Probability 
of Cracking* 
High Probability 
of Cracking* 
Stringer 
(Low Estimate) 
High Probability 
of Cracking* 
High Probability 
of Cracking* 
*The lower confidence limit for the category in question 
has already been reached. 
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Fig. 25 Stress-Time Curve for Stringer 
(Cage 11) in Space Frame 
Model Due to Work Train Consist 
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Fig. 27 Stress-Time Curve for Floor Beam (Gage 10) in 
Space Frame Model Due to Work Train Consist 
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Fig. 28  Stress-Time Curve for Floor Beam (Gage 10) in 
Simple Beam Model Due to Work Train Consist 
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APPENDIX A: 
COMPUTER PROGRAMS 
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PROGRAM HISTO 
Figure Al shows a simplified flowchart of program HISTO. The pro- 
gram was written primarily for the data reduction phase of the analy- 
sis presented herein.  It compiled the data obtained from the analog 
traces and produced stress histograms for each gage.  It also calcu- 
lated S^^s and SjyjTfjTO for each gage*.  All strain range values used 
as input to the program were in mm.  All output was in SI units. 
PROGRAM DIMEN AND SUBROUTINE LOADPL 
A flowchart of program DIMEN is shown in Fig. A2.  The program 
was written to dynamically allocate storage for subroutine LOADPL. 
Figure A3 shows a simplified flowchart of subroutine LOADPL. 
The subroutine was written to assist in the theoretical analysis of 
the Blue Nile Bridge.  It plotted stress-time curves at gage points 
to allow for a comparative analysis with the analog traces acquired 
in the field.  It was also used in the fatigue damage estimation of 
critical members.  Stress-time curves were plotted for critical mem- 
bers based on typical train traffic, and these curves were then used 
to estimate the fatigue life of the total structure. 
Table A2 lists the input format for program DIMEN and subroutine 
LOADPL.  All length variables were in inches, and all force variables 
were in kips.  The axle loads for the train under consideration were 
in long tons (1 long ton » 2240 lbs.).  Figure A4 shows a simplified 
schematic of the input to DIMEN and LOADPL. 
*Presented in Table Al is the input format for the program. 
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TABLE Al: INPUT FOR PROGRAM HISTO 
Card 
No. Symbol Forra.it 
1 NGAGE IA 
CALVAL F10.0 
NRANGE IA 
Description 
Gage number 
Calibration value for gage in mm 
Number of strain ranges to be input 
2F* RANGE 10F8.0 Strain ranges in mm 
XMIN 
NMIN 
F8.0 
15 
Threshold strain range value in mm 
(must be less than or equal to A mm) 
Number of strain ranges less than 
the threshold strain range 
(these range values are not in 
array RANGE) 
*F refers to "and following cards as required" 
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TABLE A2:  INPUT FOR PROGRAM DIMEN AND SUBROUTINE LOADPL 
Card 
No. Symbol Format 
1 NPTS 110 
NW 110 
TL F10.0' 
BRL F10.0 
DX F10.0 
2 NUMMEM 110 
3F* SPANL 8F10.0 
4F WSPACE 8F10.0 
5F AXLOAD 8F10.0 
6 HONG A10 
7** MIMBER A10 
AREA F10.0 
SX F10.0 
8F 
9F 
10F 
SY 
YINFA 
YINFMX 
YINFMY 
F10.0 
8F10.0 
8F10.0 
8F10.0 
Description 
Number of points on Influence line 
Number of train axles 
Train length 
Bridge length 
Incremental distance for movement 
of train 
Number of Members 
Span lengths of bridge, right to left 
Spacing between axles of train, 
left to right 
Axle loads of train, left to right 
Direction of train (north or south, 
where north is right to left) 
Arbitrary label for member 
Cross-sectional area of member 
Section modulus about x-axis for 
point on cross-section of member 
under consideration 
Section modulus about y-axis for 
point on cross-section of member 
under consideration 
Axial forces in member due to unit 
loadings 
Bending moment about x-axis in 
member due to unit loadings 
Bending moment about y-axis in 
member due to unit loadings 
*F refers to "and following cards as required" 
**Cards 7 through 10 are repeated for each member under consideration 
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Fig. Al Flowchart of Program HISTO 
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Fig. A2 Flowchart of Program DIMEN 
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